In recent years, the development of responsive polymers has expanded significantly owing to the constant development of new chemistries and controlled polymerization methods, which allow for the synthesis of complex and well-defined polymer architectures with predictable structure-to-function behaviour. These polymers exhibit multifarious changes of their properties by the application of physicochemical stimuli, be these reversible sol-gel transformations, hydrophilic-hydrophobic transitions, shape and volume changes, or assembly-disassembly ordering. The coupling of these responsive properties with suitable chemistries has generated novel polymeric materials with on-demand healing properties that can be precisely modulated and fine-tuned. In this review article, we discuss the interplay of key chemical reactions, which (usually) take place on crosslink points or on structural elements of polymeric materials with responsive modalities that drive the healing/remending mechanisms in a highly controllable manner. We examine representative emerging examples of bulk healable polymers in the form of polymer solids (elastomers, rigid polymers and hydrogels) and membranes that are designed for various uses in biomaterials science, bioelectronics, sensors, actuators and coating technologies, and analyse their potential for real-world applications.
Introduction
In the past few decades, a plethora of functional polymer networks with stimuli-responsive properties has been widely explored in numerous research areas spanning from biomedical technologies, to bioelectronics, and engineering applications. [1] [2] [3] [4] These materials are commonly formed through physical blending, or by covalent or physical crosslinking of the polymer chains in the form of solvated networks (i.e. hydrogels), bulk monoliths or coatings. In recent years, significant research efforts have focused on the possibility to develop materials with self-healing properties in order to: (1) facilitate remotely controlled (self-)healing properties upon damage/fracture that fully restore the mechanical properties of Adérito J. R. Amaral Adérito Amaral obtained his M.Sc. degree in Biomedical Engineering at the University of Coimbra (Portugal) in 2012. Currently, he is a Ph.D. candidate at University College London (UCL School of Pharmacy), working on responsive polymers as cell surface modifiers and 3D healable microenvironments. His research interests include polymer-cell interactions and bioresponsive hydrogels for cell-based therapies and tissue engineering.
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the pristine material, (2) repair micron sized cracks/cuts with minimum external intervention, and (so far to a lesser extent) (3) to prolong the overall life-cycle of the polymers. 5, 6 Two main strategies exist to synthesize self-healing materials: (1) the impregnation of catalysts in the form of capsules or fibres that are activated at the fracture point and elicit re-formation of new polymer networks, and (2) the incorporation of dynamic reversible bonds in the polymer matrix either in the form of crosslink points or as (hetero-)bifunctional building blocks (i.e. monomers, oligomers, etc.). For the first category, the reader can refer to excellent review articles here, [7] [8] [9] [10] as the present article mainly focuses on the second category. The rapid development of responsive self-healing polymers is mainly driven by the utilization of dynamic (reversible) chemical bonds that can be broken and reformed under relatively mild physicochemical conditions/stimuli, which often overlap with the inherent responsiveness of the bulk materials. 11, 12 Therefore, the healing behaviour of these materials is intriguingly often accompanied by (spatiotemporally controlled) microphase separation, gel-sol transition, volume/shape change, or photochromic response, which in turn can be exploited in various contexts, such as for real-time monitoring of the damaged/healed area, acceleration of the healing times and re-enforcement of the mechanical properties. 13 Further advances in the field of organic polymer chemistry, such as the utilization of controlled polymerization methods and the development of (bio-)orthogonal chemical strategies, [14] [15] [16] enabled the synthesis of intricate polymer structures with remarkable response versatility and precision by multiple stimuli. Dynamic, that is, reversible bonding can be covalent, such as the (retro-)Diels-Alder reaction products, disulfide and diselenide bridging, imine bonds, acylhydrazones and reversible boronate ester bonds, among others, or non-covalent, including hydrogen bonds, ionic and hydrophobic interactions, π-π stacking, metal coordination and host-guest interactions (Fig. 1) . The nature of these crosslinking bonds in combination with the physicochemical properties of the polymers used determines, in part, the stimulus-responsiveness of the materials as well as their thermodynamic parameters. During the repairing mechanism, the dissociation of the crosslinks temporarily enhances the mobility of the polymer chains and the diffusion near the damaged area, following the formation of new bonds that results in the repair of the network and recovery of the mechanical properties. 17 Thus, the optimization of free volume is an important factor to achieve the desirable mobility of the chains, which can also be controlled by external stimuli.
In this review, we present this interplay between bond dissociation of crosslink points with stimuli responsive properties to form responsive healable polymeric networks, and highlight recent examples and potential applications of dynamic polymers. We focus on polymer networks that undergo mechanical healing in response to an applied stimulus in a broader framework of "healing-on-demand". These systems are introduced according to the particular stimulus responsible to initiate the healing mechanism, moving from temperature to light, redox, pH and electromagnetic field (Table 1) .
Thermo-responsive polymer networks
Temperature is a fundamental and broadly accessible stimulus used in the construction of responsive materials. The DielsAlders (DA) reaction is one of the most dominant synthetic strategies for the development of thermally healable materials as it is synthetically accessible and versatile (it can be combined with various monomer synthons), it does not require the presence of catalysts other than temperature to drive the equilibrium of the reaction and it exhibits adequate tolerance towards oxygen. [18] [19] [20] In addition, the DA reaction is a selfcontained system in that the number of atoms of the reactants and the products is constant (unlike for example, in condensation processes), which simplifies significantly the reaction conditions, and the problem of volume change of the bulk material during healing/remending is relatively limited. In a seminal paper, Wudl et al. presented a novel, two-component, re-mendable polymeric material comprising a 4-arm furan capped precursor that could be readily polymerized with a 3-arm maleimide synthon via a thermally triggered DA type of crosslinking. 21 The resulting material was transparent (albeit with a yellow hue) and exhibited excellent mechanical properties comparable with those of commercially available resins (i.e. tensile strength >60 MPa and compression modulus >3 GPa). Interestingly, the material exhibited thermally triggered remending via the retro-DA that reached an efficiency of as high as 50% at 150°C; the material could recover almost completely, and remarkably it showed adequate oxidation resistance during the thermal cycling. The same group further improved the drawbacks of the approach (e.g. the requirement for organic solvent to elicit adequate miscibility of the monomers, the ill-defined optical transparency and the high temperature required for effective remending) by synthesizing DA monomer components with significantly lower melting points (i.e. a bis-maleimide synthon with a soft ethylenedioxy bridge), which in turn reduced the healing temperature without compromising significantly the mechanical properties. 22 Further refinement of their efforts led to the development of a single polymerizable component based on cyclic-type norborene derivative that could be readily (de-)polymerized via the r-DA reaction. This approach elegantly solves the problem of poor monomer miscibility and potentially the need for organic solvents that is encountered in two-component systems. 23 This study was inspirational to other researchers who followed a similar approach towards the development of thermally healable materials based on the retro-DA crosslinking. For example, Heo and Sodano combined the DA motif with a shape memory polyurethane (PU) matrix to construct a novel material that could re-mend itself without the need for external forces, owing to its unique shape memory capacity. 24 The researchers used furfuryl alcohol (FA) and N-(2-hydroxyethyl)-maleimide (HEM) as the furan-diene couple that could be readily reacted (due to the bis-hydroxyl functionality) with a PU precursor comprising triethanolamine and hexamethylene diisocyanate (Fig. 2a) . The resulting crosslinked polymer exhibited excellent healing efficiencies, which were maintained above 50% (defined as the percentile of maximum load of the healed sample to the maximum load of the initial sample) for three consecutive cracking and healing cycles. It was demonstrated that the material could recover mechanically without the application of external forces, owing to the shape memory effect facilitated by the triethanolamine and the hexamethylene diisocyanate components, simply by heating the samples above the glass transition temperature of the polymer that also enabled the activation of the retro-DA reaction to take place. A similar approach based again on the combination of PU components blended with DA precursors was proposed by Bowman et al.: 25 in their approach, the PU polymer network served as a structural component that prevented significant shape/volume change during the triggering of the DA-driven healing via capillary flow above the gelation temperature (Fig. 2b) . The concept of capillary flow to mediate the healing of micron sized cracks and holes is conceptually powerful in that it eliminates the need for gravitational or mechanical forces to facilitate re-joining of the damaged interfaces. In addition, these studies showed the orthogonality of the DA coupling with other polymerization reactions, which allow further conceptualization of even more intricate self-healing systems. The DA reaction is also well-known to take place reversibly between anthracene and maleimide derivatives, and Yoshie et al. demonstrated elegantly the principle by synthesizing an anthryl-telechelic poly(ethylene adipate) polymer precursor that could be directly crosslinked with a tris-maleimide derivative (though with the use of organic solvent to form the crosslinked specimen). 26 The resulting polymers had a tensile modulus of up to 25.9 MPa and elongation percentage at break point up to 1077%. Remending of previously cut samples took place by heating at 100°C for up to 7 days (to re-initiate the formation of the DA crosslink adducts) resulted in up to 46% recovery of the tensile modulus and 79% of the elongation break point. In a similar study, Liu and Hsieh reported trifunctional maleimide and furan monomers with relatively low melting points and good miscibility with common organic solvents, such as ethanol, tetrahydrofuran, acetone, etc. 27 The crosslinked polymer showed good recovery properties as it could be re-mended by heating to 120°C to initiate the reverse the DA reaction in order to break the crosslink adducts followed by heating at 50°C to re-initiate the DA reaction; nearly complete healing was observed within 24 hours of healing as evidenced by electron microscopy in previously cut thin film samples. Variations of DA to reduce the mending temperature close to room temperature or at least below the material degradation temperature were later reported. Barner-Kowollik and co-workers elegantly departed from the classic furan-maleimide coupling and conceived the formation of a cyanodithioester tetrafunctional derivative capped with cyclopentadiene, which could be readily crosslinked by a reversible thermal trigger. 28 The material exhibited acceptable remending capabilities within the range of 40-120°C. In the same context of altering the DA components chemically to further lower the healing temperature, the Lehn group has discovered a range of fulvene synthons that undergo DA coupling at remarkably low temperatures (−10 to 50°C). 29 By capping a linear or a 4-arm oligo poly(ethylene glycol) (PEG) with fulvene moieties, followed by mixing with a bis(dicyanofumarate) crosslinker in acetone, it was possible to obtain yellow-hued transparent elastomers with healing properties at room temperatures. 30 Polyhedral oligomeric silsesquioxane (POSS) nanocomposites have also been reported based on DA chemistry and presented thermally triggered healing behaviour. 31, 32 Despite the apparent advantages of the DA reaction in designing healable polymer materials, there are pragmatic limitations which somehow narrow the potential applications. For example, the toxicity of the furan derivatives is a prohibitive factor in applying these materials in the biomedical and bioelectronics fields, and additionally, the relatively high temperatures required for the retro reaction may be limiting the combination range of DA synthons with other polymer networks of relative low degradation temperatures. Therefore, alternative reaction systems have been explored in the context of healable networks. Michael addition motifs constitute an appealing reaction cascade owing to their orthogonality and compatibility with radical polymerization methods. Konkolewicz et al. synthesized healable and malleable polymer networks by a classical free radical polymerization (FRP) reaction of a novel type of crosslinker (2-((3-(2-(acryloyloxy)ethoxy)-3-oxopropyl)thio)ethyl acrylate) that could undergo reversible Michael addition at 90°C. 33 The polymer network exhibited nearly complete recovery upon cutting and healing due to the reversibility of the reaction and the reconstitution of the polymer network. In the same context, Klumperman et al. reported on a healable epoxy network that could heal at temperatures as low as 60°C owing to the well-known, albeit less studied in the field of healable materials, disulfide exchange reaction, simply by incorporating a disulfide bridge on the backbone of an epoxy polymer network. 34 Recently, disulfide bonds were also incorporated into polymer networks via the inverse vulcanization reaction of elemental sulfur and 1,3-diisopropenylbenzene (DIB) 35 or methacrylated POSS; 36 the materials exhibited good healing efficiency when heated at 100°C after 5 minutes, or at 120°C during 3 hours, respectively. Acylhydrazones are another interesting class of ligands that have been explored in self-healing materials; first introduced by Lehn and co-workers, 37 who reported healable polymers, the so-called "dynamers" with remendable properties. 38 Inspired by these studies, Schubert and co-workers employed acylhydrazone-rich methacrylate crosslinkers to synthesize covalently bonded polymer networks by copolymerization with commercially available methacrylate monomers. 39 The polymer films produced showed good healing capacity driven by a thermal annealing process that was required to trigger the metathesis exchange reaction at the damaged interfaces (Fig. 3) . Recently, Qin et al. further expanded the use of acylhydrazone crosslinkers in thermoresponsive ( poly(N-isopropyl- acrylamide) (PNIPAM)-based) polymer networks, which elegantly proves the healing efficiency of these systems with a variety of monomers and physicochemical conditions. 40 An alternative, but perhaps equally robust as the aforementioned, reaction motif was reported by Tang et al. based on the polymerization of aroylacetylenes and azides under mild and catalyst-free (that is without the addition of Cu(I) catalysts) reaction conditions that produce high molecular weight poly (aroyltriazole) products. 41 This approach is powerful in that the alkyne-azide reaction is inherently orthogonal and can form irreversible triazole bridges that can withstand different chemical environments. Another appealing class of reversible bonding that also addresses the problem of high healing temperatures, which is mostly encountered in the (retro-)DA system, is the dynamic urea bond formation between isocyanate and amino derivatives. Cheng et al. introduced "hindered urea bonds" (HUB) by varying systematically the steric hindrance of the amino segments in order to facilitate optimum amidation and amidolysis equilibria to drive the healing mechanism within a reasonable temperature window (Fig. 4) . 42 The proposed concept is highly appealing due to the facile adjustment of the dynamic properties of the bulk polymers simply by adjusting the bulkiness of the adjacent substituents, and also due to the intrinsic capability of the system to form hydrogen bonds, which further enhance the mechanical properties of the bulk materials. Finally, the alkoxyamine C-ON covalent bond has been explored as a thermally activated mechanism for the fabrication of remendable polymer bulk materials, owing to the simultaneous radical type homolysis and recombination of the C-ON bond at temperatures comparable to the retro-DA systems. 43 Although this system exhibits very fast remending times, as low as 15 minutes, it still suffers from unavoidable radical termination, which could compromise the robustness of the healing mechanism over multiple cycles.
Although hydrogen bonding and π-π stacking are wellknown chemical routes to fabricate hydrogels and elastomers, it was the seminal paper by Leibler et al., 44 which primarily directed the field towards the development of supramolecular assemblies in the context of healable materials. An excellent example of this category was reported by Hayes and co-workers who reported a supramolecular ensemble between two polymer precursors, namely, one with polyimide-rich repeating units and another with urea linked aromatic residues that was end-capped with pyrenyl residues. 45 The two precursors were found to form strong π-π stacks between the aromatic residues and the naphthalenediimide segments and urea driven hydrogen bonding, which resulted in a bulk polymer with extremely high viscosity; characteristically, it had a relaxation time of 1 × 10 10 s (ca. 300 years) at 30°C. The researchers elegantly demonstrated the interplay of the π-π stacks and the hydrogen bonding with regard to the mechanical properties of the polymer, and also showed that the polymer blend exerted adequate healing properties at temperatures above 90°C. The same research group further exploited this concept and doped the aforementioned polymer matrix with pyrene-coated gold nanoparticles (AuNPs) that were found to enhance the mechanical properties of the film. 46 Unfortunately, the researchers have not reported as yet any attempts to remotely activate the healing mechanism by light irradiation although it would be very interesting to see whether AuNPs could, as efficient photothermal antennae, drive the healing mechanism of this unique polymer platform. The combination of aromatic interactions in concert with hydrogen bonding was also demonstrated by Zeng et al. who reported a triblock copolymer based on a poly(ethylene oxide) (PEO) middle block which was endcapped by both ends by a thermoresponsive copolymer of N-isopropylacrylamide-(N-3,4-dihydroxyphenethyl acrylamide), synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. 47 The triblock copolymer exhibited intriguing gelation properties due to the simultaneous hydrogen bonding and the aromatic interactions exerted by the catechol segments; in addition, the gelation could be reversibly tuned by the NIPAM feed close to body temperatures. The gel showed excellent recovery properties as well as intriguing cellrepellent capacity due to the PEO segment, as was shown by in vitro cell adhesion studies. In another study, Liu et al. reported an acrylamide (AAm) based gel composed of N-acryloyl glycinamide (NAGA) and 2-acrylamide-2-methylpropanesulfonic acid (AMPS), which form stable hydrogen bonds that could be disrupted at relatively low temperatures (ca. 60°C). 48 It was possible to physically entrap poly(3,4-ethylenedioxythiophene)-poly (styrene sulfonate) (PEDOT/PSS), which rendered the gels conductive (Fig. 5 ). The resulting material exhibited interesting electrical behaviour and showed adequate healing properties. This approach is appealing in that the healable polyacrylamide polymer matrix can be used as an ink platform for 3D printing applications where thermally driven malleability and robust sol-gel transition are highly required. A very similar approach, again, based on the copolymerization of hydrogen bonding monomers was presented by Cui and del Campo. 49 They copolymerized the well-known pH sensitive monomer 2-(dimethylamino)-ethyl methacrylate (DMAEMA) with the hydrogen forming monomer 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl methacrylate; the latter exerts strong hydrogen bonding with itself owing to its rapid dimerization, which acts as reversible crosslink points in the polymer network. The polymer exhibited nearly full recovery upon cutting, but this was only limited to slightly alkaline conditions; conversely, the protonation of the tertiary amino segments of the DMAEMA co-monomer resulted in significant prohibition of the diffusion of polymer chains in acidic medium and hence compromised the healing properties. Nevertheless, the polymer showed adequate healing/ recovery capabilities owing to the thermal-responsiveness due to the DMAEMA feed in the polymer chain. Another semi-synthetic approach was reported by Shi et al. 50 that reported the formation of healable hydrogels by simple mixing of double stranded DNA and graphene sheets, as depicted in Fig. 6 .
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The synthesized hydrogels exhibited an impressive storage modulus (G) of 4.6 kPa and exerted intriguing healing properties by relatively mild heating (90°C) at the interface of the damaged areas, although the recovery rate of the mechanical properties was not reported. Nevertheless, this approach is important since DNA is an interesting building block from various viewpoints, namely, it is an excellent hydrogen-bond synthon, it can be synthesized to encode virtually infinite nucleotide pairs and it can be end-to-end functionalized. On the other hand, graphene constitutes an excellent 2D filler with intriguing electrical and mechanical properties, and consequently, this study could be inspirational for the fabrication of even more complex healable polymers from a functional perspective. Bao et al. demonstrated the modification of silicon microparticle (SiMP) electrodes with a polymer thin layer, which establishes hydrogen bonds, and could self-repair at room temperature after mechanical damage, resulting in the maintenance of electrical contacts between the broken particles which in turn increased considerably the lifetime of the anodes made from SiMPs for lithium-ion batteries. An intrinsic problem in forming polymer networks by weak interactions, such as π-π stacking and hydrogen bonding, is that they can be easily disrupted especially when the proposed materials perform under aqueous conditions. Also, the crosslinking points usually lack orthogonality and hence the possible inclusion of other hydrogen-bonding-forming moleculesbe these drugs, dyes, catalysts, etc. -is often compromised by the deleterious effects on the crosslinking points.
An appealing strategy to overcome these limitations is the construction of crosslinks by host-guest type of interactions with synthons of molecular complementarity with high affinity. 54 Macrocyclic hosts as β-cyclodextrins (β-CDs) and cucurbit[n]urils (CBs), which are vital components to form supramolecular materials in aqueous solution, have hydrophobic cavities as well as hydrophilic and polar rims to include specific guest species through the hydrophobic effect. Notable examples of this approach are polymer networks that embed β-CD could host complementary guest molecules, such as cholesterol-type derivatives, 55 or other types of hydrophobes, which can further be combined with thermoresponsive polymers 56 to form thermally reversible bonds; the latter can further be exploited in applications for healable materials. Alternatively, CB [8] , cyclic oligomers of glycoluril that form barrel-shaped cavities of approximately 0.9 nm diameter with high binding constants in water, have been found to form very stable complexes with selective guest molecules (e.g. viologen and naphthyl derivatives). The Scherman group has elegantly demonstrated their applications in healable polymer networks by the combination of RAFT-made polymers with pendant guest molecules that can be instantly crosslinked by the simple addition of CB [8] at varying concentration feeds. 57 It was possible to fine control the mechanical properties of the gels and also to facilitate thermally driven solgel transformation driven by the thermal disruption of the host-guest crosslink complexes. 58 Finally, isothermally healable, and often functional (see for example ref. 59 and 60) , polymer networks have been reported, which undergo healing processes without the need to increase the temperature significantly owing to the effective dynamic chemistries employed, such as disulfide exchange 61 /metathesis, 62 ,63 imine-acylhydrazone 64 or diarylbibenzofuranone 65 type of crosslinking. These approaches are extremely useful in applications where a high increase in temperature could be deleterious such as in cell encapsulating materials or in functional microdevices.
Light-responsive polymer networks
Light is a clean, inexpensive and non-invasive stimulus that can be delivered in a precisely temporal and spatial manner by remote activation via lasers and other illuminating devices with numerous applications in biomedicine, diagnostics, surgery, biosensors and bioelectronics, and drug delivery systems. 66 Commonly used photosensitive moieties that are used as synthons in photoresponsive materials include azobenzenes, spiropyrans (SP), oxetanes, coumarins, anthracene and cinnamoyl moieties, among others, and they have been successfully utilized to design optically controlled self-healing polymers by photochemical cycloaddition, 67, 68 photo-induced radical polymerization 69 and reshuffling of ( photo-reversible) covalent bonds, 70-72 photoisomerizations 73, 74 or photothermal effects. 75, 76 Kim and co-workers originally proposed the light-triggered healing of a polymer network via the photochemical cycloaddition of cinnamoyl groups to form cyclobutane crosslinks. 67 Polymer films made of 1,1,1-tris-(cinnamoyloxymethyl) ethane and methacrylate-based monomers were broken into several pieces and subsequently exposed to ultraviolet (UV) light of λ > 280 nm for 10 minutes; the samples could recover only ≈14% of their initial flexural strength, although it could be further increased to 26% by simultaneously heating at 100°C. They found that upon crack formation, cyclobutane would reverse to the original cinnamoyl groups which could undergo cycloaddition again when irradiated. Coumarin-type derivatives, which can also undergo photo-cycloadditions, have now been applied to self-repair PU networks when irradiated with UV light at room temperature, 77, 78 owing to the reversible photodimerization at ≈350 nm and photocleavage at 254 nm (Fig. 7) . Although coumarin moieties have been extensively used in photochemistry due to their reversible photodimerization abilities, their use in the field of healable materials is only recently expanding and improving. In 2009, Ghosh and Urban proposed a polymer network based on the incorporation of an oxetane-substituted chitosan (OXE-CHI) precursor into a PU network that healed in 30 minutes when exposed to UV light (at room temperature), although the cut width was below 20 μm. 69 They further demonstrated that OXE-CHI is preponderant for the self-repair mechanism, in addition to the stoichiometry of the reactive groups and pH variations in the damaged area. 79 However, the mechanism based on the mechanical stress-sensitive oxetane opening would limit the repeated healing in the same area since its ring is not regenerated after reaction with chitosan chain radicals. Earlier, Bowman et al. had described a chemically crosslinked polymeric network based on pentaerythritol tetra(3-mercaptopropionate), triethyleneglycoldivinylether and 2-methyl-7-methylene-1,5-dithiacyclooctane monomers that experienced a photoreversible backbone cleavage and chain rearrangement without changing its mechanical properties. The polymer network, when irradiated (320 to 500 nm), exhibited rapid stress relief by sequential photocleavage and reformation of the crosslinks due to the diffusion of radicals in the backbone produced through addition-fragmentation chain transfer reaction, which conferred plasticity and equilibrium shape changes to the matrix. 80 As previously discussed, the host-guest type of molecular interaction is another notable non-covalent strategy employed to fabricate reversible gel networks. Typically, host components, such as CDs, can be decorated with many functional groups, and owing to their hydrophobic internal cavity, can accommodate different guest molecules, typically including adamantane (Ad), ferrocene (Fc) and azobenzene (azo). 81, 82 Although the application of supramolecular chemistry in selfrepairing materials has been extensively studied, the lightinduced healing of supramolecular polymer networks has received greater consideration only very recently. Light-switchable supramolecular hydrogels based on host-guest interaction can be prepared by the complexation of β-CD with azo moieties; 83 the latter can undergo a reversible and efficient trans-cis photoisomerization transformation upon UV and visible light irradiation that either favours or blocks the interaction with the CD cavity. 84 The mechanism relies on the conversion of the trans isomer to the less stable cis isomer after UV irradiation, which will slowly relax to the trans form under dark conditions or is accelerated by using visible light. For example, Jiang et al. explored the disassembly and reassembly of a pseudopolyrotaxane hydrogel, composed of PEG as the axis and α-CD as "threaded rings" (as reported by Harada and Kamachi), 85 which reversible photoresponsive character was added by incorporating an azo moiety into the matrix (Fig. 8a) . 74 The complexation of CD with PEG formed microcrystal complexes that acted as physical crosslinkers to form the hydrogels within 4 hours; the addition of a competitive guest, 1-[ p-( phenyl-azo)benzyl]pyridinium bromide, could dissociate the gel by replacing the PEG units in the complex. The alternation of UV (365 nm) and visible light (435 nm) allowed for a reversible sol-to-gel and gel-to-sol transition of the polymer network, respectively, for repeated cycles, due to the transition of the azo moiety from the trans to the cis form, which escapes from the α-CD cavity and enables PEG to move back and regenerate the hydrogel, and vice versa. Harada et al. further exploited this system 86 by synthesizing polyacrylamidebased hydrogels functionalized with α-CD and azo compounds as the host and guest units, respectively (Fig. 8b) . 87 The assembly of both host and guest gels could be rapidly achieved by simple agitation under aqueous conditions. On irradiation with UV light, the gels dissociated due to the photoisomerization of the azo from trans to cis, which could then be reverted by visible light irradiation. The photoswitching character of the gel-assembly was also tested by placing a β-CD gel adjacent to the α-CD-azo gel followed by UV irradiation and agitation, which resulted in a pairing exchange reaction to form a β-CDazo gel. The weakening of the adhesion forces (again driven by the trans-cis photoisomerization of azo) of the α-CD gel favoured the macroscopic assembly with the β-CD gel possibly because the association constant of the latter is higher, and forms a larger host binding cavity and an inclusion complex with both trans-and cis-azo guests. Inspired by these works, Tian and co-workers developed a supramolecular hydrogel based on the recognition between host β-CD and guest α-bromonaphthalene (α-BrNp) acrylamide-based copolymers. 73 The hydrogels could be formed in about 15 minutes and could exert gel-sol phase transition by cooling and heating around 65°C. Besides the thermoresponsive character, the gel also engendered a room temperature phosphorescence (RTP) signal. The addition of an azo-based polymer to the binary BrNp/CD system could adjust the RTP emission reversibly by competitive complexation with the β-CD under UV irradiation (by forming or deforming the pseudorotaxanes). The hydrogels prepared at a high concentration (2 × 10 −2 M) showed a G′ around 3000 Pa (vs. ≈300 Pa at 1 × 10 −2 M), and could heal within 1 minute after being cut in half and re-joined into one single piece, although only after 1 hour the gels could recover their original shape and mechanical properties in full. More recently, Liu et al. followed a similar approach towards the preparation of photoresponsive gels by copolymerizing AAm with a host-guest macro-crosslinker ( poly-CD/azobenzeneacrylamide), which self-healing capability could be activated and deactivated with light. 88 As described above, the photoisomerizable azo moiety could change its binding affinity with the β-CD upon UV irradiation. As a result, the crosslinking density of the network decreased as evidenced by the drop of G′ from 30 to 25 kPa at low strain values. Moreover, the selfhealing ability of these gels after exposing to UV and visible light for 15 minutes each, or in darkness at 30°C for 5 hours, was comparable with a healing efficiency close to 90%. Light-controlled reversible change of rheological properties of fluids have also been reported, 89 which may be applicable in microfluidics or as injectable formulations for cells and biologics or responsive fillers. For example, the Raghavan group reported photorheological fluids obtained by doping lecithin/ sodium deoxycholate wormlike reverse micelles with an SP derivative. 90 Under UV irradiation, SP compounds could be isomerized to the merocyanine (MC) form, which induced a 10-fold decrease in viscosity, which in turn resulted in the fluid flowing under gravitational force; when the UV light was switched off (or after visible light irradiation), the samples could recover to their initial viscosity and colour within 10 minutes, due to the photo-conversion of MC back to SP, and this cycle could be repeated 10 times without loss of response. Polymers with metal centres possess striking optical properties, which make coordination chemistry particularly attractive for optically trackable healable polymers. The binding between a metal and macromers can be adjusted by reversible bonds of low to high dissociation energies, which offers tunability and controllable self-repairing properties to the macromolecules by incorporating different metal ions and ligands. 91 The work by Weder et al. on photoresponsive metallosupramolecular polymers is a distinctive example due to their interesting healing behaviour based on the photothermal effect and broad application. 75 The researchers used a rubbery poly(ethylene-co-butylene) core with 2,6-bis(1′-methylbenzimidazolyl) pyridine (Mebip) ligand end-groups coordinated with metal ions Zn 2+ or La 3+ (Fig. 9) . The hydrophobic core and the polar metalligand motif resulted in a soft-hard phase separated lamellar structure. The exposure of UV light to the damaged site excites the metal-ligand complexes, which absorbed energy was converted into heat as they return to their ground state, causing the depolymerization of the metallopolymers and the decrease of the viscosity. The dissociation of the hard phase increases the mobility of the macromers, which promotes the recovery of the mechanical properties, thus allowing for a rapid repair of the network through formation of new bonds on cooling after switching off the light. The healing efficiency was determined to reach nearly 100 ± 36% by stress/strain experiments but it was inversely proportional to the metal/polymer ratio. The same group further improved the mechanical properties of this system by functionalizing the materials with hydrogenbonding ureidopyrimidone derivatized cellulose nanocrystals. 92 Similar hybrid multi-responsive soft actuators were recently reported by Mauro et al. who prepared metallosupramolecular polymers based on zinc(II)-terpyridine coordination nodes bearing photoisomerizable diazobenzene units or luminescent phenylene-ethylene moieties (acting as supragelators in organic solvents). 93 The resultant soft organogels (G′ ca.
50 Pa) displayed light-triggered orientation-dependent volume reduction under UV light, photoluminescence and rapid selfhealing ability owing to the dynamic metal-ligand coordination bonds; after placing two pieces in close contact for 15 minutes the gel could heal and recover its properties. It should be noted that UV light cannot penetrate deeply into tissues and may damage biological components, and has only a small fraction in sunlight, which can hamper the use of azo molecules in biomedical and solar-energy applications. Nevertheless, intrinsic visible and near infrared (NIR) lightresponsive azo-based polymers have been recently developed, which can solve some problems. 94 Dynamic exchange reactions between reversible covalent bonds under mild conditions constitute an alternative strategy to develop self-healing polymer networks triggered by light, heat or redox agents, which include disulfides, allyl sulfides and trithiocarbonates. Disulfide bonds usually undergo degenerative exchange reactions, in the presence of catalysts UV light or heat, in which they are disrupted and reformed via radical or ionic intermediates; they are also relevant in the biological field because of the cysteine aminoacids that are found in proteins and other biopolymers. For example, the Matyjaszewski group demonstrated the self-repairing of covalently crosslinked poly(n-butyl acrylate) networks, under UV irradiation and in an inert atmosphere, taking advantage of the dynamic reshuffling of trithiocarbonates, which can act as photoinitiators in radical polymerizations and react among themselves to re-crosslink the network. 70 Thiuram disulfide (TDS) moieties have similar reaction exchange properties that can also be used to synthesize light-responsive self-healing polymers. Departing from previous work, the same group addressed the weaknesses of that approach by incorporating TDS units in the polymer backbone that could heal in air under visible light, without the need for solvent and under milder conditions (Fig. 10a) . 71 The exchangeable character of TDS, owing to the cleavage of disulfide that forms dithiocarbamate-based free radicals, is responsible for the dynamic nature of the matrix through light-triggered reorganization of the crosslinking units. The mechanical properties of the gels improved with light exposure time and recovered their original values within 24 hours (breaking stress >380 kPa and 175% elongation at break); in these systems it is important to allow enough time for the covalent bonds to reform during the network remodelling. Recently, Kloxin and co-workers incorporated a photoactive monomer comprising a dithiocarbamate group into a PU network, which could remend itself at the damaged site and simultaneously increase the network strength (i.e. photo-healing and photo-strengthening). 72 It was shown that by introducing a labile crosslinker, followed by photostimulation with UV irradiation (365 nm), generated stable free radicals that initiated a secondary radical polymerization of ethylene glycol dimethacrylate (EGDMA) monomers impregnated into the network prior to the formation, which in turn, enhanced the moduli of the gels. After 2 hours of irradiation, the material could heal after damage and G′ could increase from 0.3 to 2 MPa, which could be controlled by the initial concentration of EGDMA. Additionally, this approach allowed for a relative spatial control of the mechanical properties as well as the potential shape change of the network at the damaged site. As mentioned above, it is pertinent to develop materials that can heal under mild conditions with visible light, as is the case with TDS and diselenide bonds-containing systems. In an effort to develop materials with healable properties under mild conditions with the use of visible light, Xu et al. studied the dynamic exchange character of diselenide bonding (Se-Se bond has a bond energy of 172 kJ mol −1 , which is weaker in comparison with the S-S bond, 240 kJ mol −1 ) 95 and demonstrated that the metathesis reaction can be induced with visible light but stops in the dark. 96 In this sense, a series of diselenide-containing PU elastomers with different mechanical and healing properties were synthesized. 97 After irradiating with visible light (table lamp, 2600 Lux), the materials could heal and virtually recover their initial Young's modulus within 48 hours. In addition, by using a directional blue laser (457 nm), the healing process could be faster and remotely triggered, and the integrity of the samples could be retained; after 30 minutes, the networks could recover almost 100% of their Young's modulus and the breaking stress could reach ≈80%. An interesting approach was also reported by Zhang and coworkers who used sunlight to stimulate the self-healing of a PU network comprising disulfide bonds in the main chain (see Fig. 10b ). 98 By taking advantage of the photo-triggered reversible exchange reaction of disulfide bonds simply under illumination of the UV region of sunlight, and with the assistance of hydrogen bonding (which favoured initial and intimate contact across the interface), it was possible to restore the tensile strength of the damaged polymers up to 92% within 24 hours for at least 3 cycles. Nanoparticles (NPs), nanorods and carbon nanotubes (CNTs), as well as clay and graphite nanosheets, are of particular interest in the design of polymer composites to not only enhance the mechanical or thermal properties but also to introduce photohealing attributes by acting as efficient photothermal antennae. 6 Generally, this concept involves the use of remote sources of energy and its conversion in localized heat gradients at the damaged areas. Metallic nanoparticles, such as AuNPs, present surface plasmon resonance (SPR) at specific wavelengths (in the visible and NIR region), which introduces new opportunities for the use of tunable energy sources capable of localized efficient conversion of electromagnetic radiation into heat. 76, [99] [100] [101] Nanocomposites with light-triggered healing and shape memory properties combined were reported. 102 Zhang and Zhao developed a chemically crosslinked PEO network loaded with AuNPs that displayed both optical healing and light-controlled shape memory, which could be activated individually in a sequential manner, based on the localized heating arising from the SPR absorption of AuNPs. 103 The photothermal effect activated the rapid damage repair through crystal melting under laser exposure (532 nm, 3 s) followed by recrystallization upon cooling (that is, when the light was turned off ), as shown in Fig. 11a . These polymer composites exhibited acceptable healing capabilities especially for thin and transparent specimens. Alternative approaches have been recently reported using synthetically accessible polydopamine (PDA) NPs as photothermal agents. 104 The incorporation of PDA-NPs into a PNIPAMbased network drove these gels NIR light-responsive with selfhealing properties, volume change for pulsatile drug release and cell/tissue adhesiveness. 105 If two halves of the gel (with 0.8 wt% of PDA-NPs) were brought in contact and irradiated for 10 s, they tended to heal and recover hydrogel tensile strength (Fig. 11b) . In fact, the PDA-NPs also served as functional nanofillers and reinforced the network, increasing the elastic modulus. As shown by these works, PDA is an interesting photothermal filler as it shows relatively good biocompatibility, promotes cell adhesion in a wide range of substrates and proliferation by its inert and hydrophobic nature, and it is synthetically easy to prepare by dopamine monomer precursors.
106,107
pH-and redox-responsive polymer networks
Chemoresponsive materials have attracted particular interest due to the easy control and integration of pH gradients in both laboratorial and industrial applications as well as in biological processes at the tissue/organ or cellular level. There are now thousands of reports on pH-responsive materials and more recently, their conceptualization in self-healable polymers has been reported by several groups, for example, polymer gels based on acylhydrazones as pH-switchable networks; [108] [109] [110] Chen et al. reported on a dynamic covalent gel with acylhydrazone crosslinks synthesized by the condensation reaction of bis-acylhydrazine functionalized PEO with tris[(4-formylphenoxy) methyl]ethane (Fig. 12) . 111 The gels exhibited reversible gel-sol phase transition by adjusting the solution acidity (pH < 4) to hydrolyse the network within 1.5 hours, and regenerated their original structure in ≈20 s by restoring the pH. This process was repeated up to 8 consecutive cycles, where it was observed that the time of decomposing and reforming of the network became longer, and the mechanical properties deteriorated since G′ decreased from 70 to 30 kPa. Nevertheless, the gel possessed an autonomous self-healing behaviour once two pieces could merge into a single one (without any external intervention) by keeping them in contact for 7 hours. In another study, acylhydrazone bonds were integrated with the DA reaction for the design of double crosslinked hyaluronic acid (HA) based hydrogels. 112 The DA crosslinking enhanced the structural integrity and mechanical strength of the network, whereas the acylhydrazone contributed with the pHresponsive behaviour and self-healing properties. At the same time, the aldehyde groups introduced could also react with local cartilage tissue amines (through Schiff base reaction), promoting good integration of the hydrogel with the surrounding tissue. Similarly, the gels could reversibly switch between gel and sol states within 20 minutes by adjusting the pH around 4, and nearly recovered their initial properties (G′ around 18 kPa and 55% elongation at break). When compared with control DA crosslinked hydrogels, these materials showed improved adhesive properties (10 kPa vs. 1.5 kPa adhesive stress). Wei et al. developed a simple method to prepare selfhealing hydrogels by mixing chitosan and dibenzaldehydeterminated PEG (within 1 minute at ambient temperature). 113 The rapid formation of imine bonds (or Schiff base linkages) between aldehyde groups and the amino groups of the chitosan generated dynamic gels sensitive to pH and other biological stimuli (e.g. amino acids and vitamin B 6 derivatives), which could recover their original mechanical properties after 2 hours. Likewise, other biomacromolecules containing amines can be used to fabricate analogous networks for biomedical applications. 114, 115 Another example was recently explored by Faust and co-workers, which combined polyisobutylene (PIB) dialdehyde functionalized polymers and sidechain amino acid-containing polymers to form a pH-sensitive dynamic covalent crosslinked network. 116, 117 These gels displayed poor swelling ability but good mechanical properties (G′ ≈ 17 kPa) and thixotropic behaviour, although a substantial decrease of G′ was observed with the decreasing of the [NH 2 ]/ [CHO] ratio (G′ ≈ 2 kPa), or the increasing number of regeneration cycles (G′ ≈ 1 kPa after 6 cycles).
Huang and co-workers described responsive gels on the basis of (host-guest) crown ether recognition through the synthesis of a dibenzo [24] crown-8 (DB24C8) terminated four-arm star poly(ε-caprolactone) (PCL) and dibenzylammonium salt (DBAS) terminated two-arm PCL polymer. 118 The mixture of the polymers at relatively high concentrations, in chloroform, produced supramolecular gels as a result of pseudorotaxane formation between the terminal DB24C8 and DBAS moieties. 119 By varying the pH or temperature, the resultant gels demonstrated reversible gel-sol transition; the addition of a base resulted in the disruption of the polymer network driven by the deprotonation of DBAS, which could be reverted with the addition of acid. If a long and flexible alkyl linker was used between the host and guest moieties, it prevented the formation of [c2]daisy chains and acted as a physical junction in the network. 120 The same group further developed this system using poly(methyl methacrylate) (PMMA) with pendant DB24C8 groups and two bisammonium crosslinkers with different end-group sizes, 121 owing to the host-guest interaction of DB24C8 and DBAS moieties. These soft gels could act as degradable materials triggered by the pH stimulus (addition of triethylamine/trifluoroacetic acid), and showed fast healing capacity (<30 s) over several cycles driven by the reversible host-guest interaction, or the reformation of electrostatic and hydrogen-bonding interactions between bisammonium salt and DB24C8 units of the polymer. This concept was then vastly explored by other researchers during the past few years. Gu et al. presented a pH-sensitive soft gel composed of poly (methyl vinyl ether-alt-maleic acid) grafted with β-CD or Ad. 122 The complexation between host β-CD and guest Ad units conferred a reversible nature to the gel, which could recover after damage without any external stimulus, although it possessed a pH-dependent (weak) mechanical strength (G′ ranging from 170 to 500 Pa). Recent studies from the Burdick group demonstrated the in vivo applications of HA hydrogels based on β-CD/ Ad interactions as injectable therapeutics. 123 Varghese and co-workers proposed an interesting and simple self-healing hydrogel made from acryloyl-6-aminocaproic acid (A6ACA) precursors containing terminal carboxyl groups and amide groups as dangling side chains. 124, 125 Photo-crosslinked A6ACA hydrogels, Fig. 13 , through hydrogen bonding could fast heal in a few seconds under acidic conditions ( pH < 3) and reversibly disassembled when exposed to basic pH for at least 12 cycles with minimum hysteresis. A detailed analysis of the pH-mediated self-healing mechanism showed that side chains with terminal carboxyl groups are mostly protonated at low pH and mediated the formation of hydrogen bonds with other carboxyl or amide groups across the interface; above pH 9, these carboxyl groups are deprotonated and induce electrostatic repulsion, preventing the formation of hydrogen bonds. The healed materials were strong enough to sustain large deformations, but their healing efficiency was inversely proportional to the crosslinker content and depended non-monotonically on the side-chain length. To achieve an efficient healing, these chains should be long enough and flexible to make the functional groups accessible across the interface to create H-bridges, and sufficiently short to minimize steric hindrance of the interacting groups and to prevent hydrophobic collapsing. This system inspired Jiang et al. who developed a zwitterionic hydrogel physically crosslinked via electrostatic interactions by changing the side chains of PA6ACA to poly(carboxybetaine acrylamide), which could undergo self-healing at pH 7 without compromising cell viability. 126 More recently, hydrogels based on cytosine-and guanosine-modified HA were prepared using 1,6-hexamethylenediamine as a crosslinker under physiological conditions. 127 The assembly was established based on the principle of nucleobase complementarity pairing via hydrogen bonding. These biodegradable gels (4 < G′ < 99 kPa after 20 minutes) exhibited a pH-triggered gel-to-sol transition below 6 and above 8, and revealed good healing capacity after 24 hours. Metal-ligand coordination is thermodynamic stable, and depending on the metal ion and ligand used, can also be kinetically labile. The integration of different metal ions into polymer networks can impart the functional properties of these metals to the supramolecular materials prepared via this dynamic bonding, which may include light-emitting, conducting, mechano-responsiveness, etc. 128 The pH variation experienced by mussel adhesive proteins during byssus secretion have inspired researchers to design pH-sensitive supramolecular hydrogels based on similar pH-mediated metal-ligand coordination. Natural mussel adhesion is mediated by byssus threads with a high concentration of 3,4-dihydroxyphenylalanine (DOPA), where catechol groups are known to form strong but reversible interactions with Fe 3+ ions. 129 Hydrogels were formulated from DOPA-modified PEG or polyallylamine networks with catechol-Fe 3+ complexes as crosslinking points. 130, 131 The pH tunable behaviour of the system offered an easy control over its viscoelastic properties and healing behaviour due to its ability to switch from mono-to bis-and triscatecholate complexes that form at different pH (from ≈5 to 9), without Fe 3+ precipitation. The resultant gels could recover stiffness and cohesiveness within a few minutes after failure through the restoration of broken catechol-Fe 3+ crosslinks.
The design of redox-responsive systems comprises the incorporation of species in the polymer matrix either as fillers or as monomeric synthons attached on the polymer backbone, that undergo oxidation-reduction reactions (i.e. gain or loss of electrons) triggered by an electrical potential or chemical agent, which modulate the material properties. Typically, these networks include Fc, conductive polymers, transition metal ions or redox-sensitive bonds (e.g. disulfides). [132] [133] [134] [135] Due to the reversibility and easy control of the redox process, these polymers and gels find useful applications as biosensors, batteries and biofuel cells, microactuators and drug delivery systems. The versatility of supramolecular materials with redoxresponsive self-healing properties based on host-guest interactions has attracted the interest of researchers. Harada et al. reported an elegant system using poly(acrylic acid) (PAA) modified with β-CD (as host polymer) and with Fc pendant groups (as guest polymer). 136 By exploring the high affinity of β-CDs for Fc moieties in the reduced state, and their low affinity in their oxidized state, the authors fabricated a hydrogel at basic pH, which upon addition of redox reagents (sodium hypochlorite/glutathione) could induce a reversible gel-sol transition. Autonomous healing performance was tested for the soft gel (G′ ≈ 175 Pa) by mechanical rejoining of two cut pieces to form one after 24 hours at room temperature. Interestingly, when the interface of a gel was coated with sodium hypochlorite oxidant solution, healing was prevented, but by spreading a glutathione reducing agent, the cut surfaces re-adhered after 24 hours. The same group further described a similar but more complex approach based on the formation of a polymer network bearing two kinds of host-guest inclusion complexes -β-CD-Ad and β-CD-Fc -with different functional properties. 137 Copolymers prepared with AAm or NIPAM as the main chain could form a supramolecular hydrogel through host-guest interactions, which exhibited self-healing, expansion-contraction and shape memory properties (Fig. 14) . Selfhealing of two separated pieces of a gel was observed with and without the presence of an oxidizing agent, and could be perceived within 2 or 3 hours, respectively, in wet conditions, although its recovery time increased to ca. 72 hours to achieve an adhesive strength ratio >68%. The redox responsiveness to ammonium cerium nitrate (CAN) (oxidizing agent) enabled the expansion and contraction of the gel because the Fc moiety in its oxidized form (i.e. hydrophilic) cannot be included in the cavity of β-CD that decreases the crosslinking density, whereas after reduction, the inclusion complex reformed and could release the water from the network. Analogously, Yuan et al. synthesized poly(N,N-dimethylacrylamide-r-glycidol methacrylate) and poly(N,N-dimethylacrylamide-r-2-hydroxyethyl-methacrylate) copolymers decorated with β-CD and Fc, respectively, as pendant groups, which can then assemble to form electrochemical-and redox-responsive hydrogels. These materials, whose reversible phase transition is perceptible after adding FeCl 3 /ascorbic acid solutions, or applying a potential of +0.5 V and −0.1 V (with saturated calomel electrode as reference), showed good healing behaviour and biocompatibility. 138, 139 Another example based on the incorporation of Fc groups in the polymer main chain was reported by Abe et al.:
140 A redoxswitchable network of entangled wormlike micelles could be formed by the addition of sodium salicylate to a ferrocenyl surfactant (11-ferrocenylundecyl)trimethylammonium bromide (FTMA). The oxidation of Fc groups triggered a phase transition of FTMA from the hydrophobic to the hydrophilic state with great influence in the aggregation degree. By simply tuning the applied electrical potential, it was possible to control the viscoelasticity of this electrorheological fluid due a change in the aggregation state of the micelles, which exhibited a zero shear viscosity around 15 Pa. Indirectly related, but also relevant, organometallic polymers, such as poly(ferrocenylsilanes) (PFS), which contain alternating Fc and silane groups as repeating units, have also been used as redox-responsive polymeric networks. 141 Vancso and co-workers reported PFS-based hydrogels by covalent crosslinking with PEG using a thiol-Michael addition click reaction. 142 The reversible redox state of the PFS chains could be controlled, allowing for the tuning of the swelling/deswelling and mechanical properties of the gels. Disulfide bonds as structural linkages are employed as well to form self-healing networks in response to relevant redox conditions. 143 Matyjaszewski et al. presented the synthesis of poly(n-butyl acrylate) multiarm star polymers, by atom transfer radical polymerization (ATRP), containing thiol groups at the periphery. 144 Self-healing organogel films crosslinked through disulfide bonds were formed by depositing these polymers on silicon wafers in the presence of an oxidizing agent. The atomic force microscopy (AFM) tests revealed the rapid healing behaviour of the films attributed to the regeneration of S-S bonds via a thiol-disulfide redox reversible exchange reaction; hence, the healing efficiency and time were dependent on the film thickness and width of the damage, which decreased from 2 hours to 20 minutes when the cut width was reduced from 5 to 2 μm, with a Young's modulus of 40 kPa (film thickness: 1.5 μm).
Magnetic-responsive polymer networks
The development of magnetic-responsive hydrogels generally involves the incorporation of ferromagnetic or superparamagnetic particles in a matrix, which trigger the self-healing process 145 or shape memory effect 146, 147 via electromagnetic induction. The heat generated during this process is driven by the oscillation of the NP magnetic moment (Néel relaxation) which is responsible for the temperature rise in situ, and facilitates increased polymer chain diffusivity to repair the damage. 148, 149 These systems find practical applications in turbines or automobile parts, batteries and electronics, as well as biomedical devices. Urban and co-workers described the self-repairing of a thermoplastic polymer network ( p-methyl methacrylate/n-butyl acrylate/heptadecafluorodecyl methacrylate) containing superparamagnetic iron(III) oxide (γ-Fe 2 O 3 ) NPs using a remotely oscillating magnetic field (Fig. 15a-c) . 150 Physically separated polymeric films could be repaired into a single piece, after 2 hours, for several cycles due to the oscillation of uniformly dispersed NPs (≈12 nm diameter, f = 300 kHz) at the frequency of the field, which resulted in a localized heat and subsequent interfacial diffusion to the damaged area, thus restoring the mechanical properties and dimensional stability of the network. An alternative approach was proposed by Bowman et al. based on a healable retro-DA crosslinked network (1,1′-(methylene-di-4,1-phenylene)bismaleimide/pentaerythritol propoxylate tris(3-(furfurylthiol)propionate)) doped with chromium(IV) oxide particles. 151 Hysteresis heating, driven by the alternating magnetic field, allowed the ferromagnetic polymer network to flow and heal fast for 10 cycles without significant loss of its mechanical properties; the self-limiting nature of the hysteresis heating controlled by the relatively low Curie temperature (T C ) of the NPs (around 113°C) protected the system from irreversible degradation. Later, Wei et al. developed a simple method to prepare a magnetic rapidly self-healing gel (within 2 minutes) by embedding carboxy-modified magnetite (Fe 3 O 4 ) NPs into a chitosan-PEG matrix. 152 The composite (based on Schiff-base crosslinking between the pendant amine groups of chitosan and the benzaldehyde groups of PEG terminals) exhibited low cyto- toxicity and could heal after 10 minutes when cut in different pieces and re-joined by the application of a magnetic stimulus, or by itself within 60 minutes without magnetic stimulation ( Fig. 15d-f ). This ferrofluid (G′ ≈ 400 Pa) could also be remotely operated by a magnet to pass through a narrow channel with an obstacle in the middle, showing the cooperation of magnetic and self-healing properties. An interesting method was recently described by Chen and co-workers to synthesize a β-CD/N-vinylimidazole (host-guest) supramolecular hydrogel with embedded Fe 3 O 4 particles through a magnetically induced frontal polymerization (MIFP), as shown in Fig. 16 . 153, 154 This system took advantage of the magnetocaloric effect (in which an alternating magnetic field causes a thermal response in the material but without transfer of heat to its surroundings) 155 to initiate the polymerization and create rapidly (<5 minutes) a self-healing gel with enhanced mechanical strength. The resulting materials could be repaired autonomously when damaged within 24 hours (up to 95% of healing efficiency), exhibited high tensile stress intensity (>50 kPa) and an elongation percentage at a break point of over 683%. In addition, when an external magnetic stimulus was applied, the healing time significantly decreased to 3 hours, without compromising the healing efficiency, owing to an amorphous flow of the gels in the joint region, as a result of the synergy between host-guest healing and the magnetocaloric effect. Nevertheless, the aforementioned examples rely mostly on systems that often require an external trigger to initiate the healing process, which can also be affected by ambient conditions. Alternative novel approaches have been explored, such as graphitic inks impregnated with magnetic Nd 2 Fe 14 B microparticles, which impart self-healing ability to printed films for electronic applications. 156 The conductive nature and permanent magnetic properties of the particles allowed the films to recover rapidly (≈50 ms) and autonomously the mechanical and electrical contacts, even with a damage width up to 3 mm, for a large number of damage-heal cycles.
Yarn-based supercapacitors have attracted attention as energy-storage devices for healable wearable electronics. 157 An elegant example from this front was reported by Zhi et al.
where they fabricated yarn-based supercapacitors by wrapping magnetic electrodes around a healable carboxylated PU shell. 158 Upon mechanical damage, the polymeric shell and the yarn electrodes (composed of multiple minuscule fibres) were brought in contact, and their configuration and their mechanical and electrochemical performances were restored, assisted by the magnetic field. They demonstrated that the yarn supercapacitor could recover up to 71% of its initial specific capacitance after four healing cycles. It is therefore anticipated that novel composite healable polymer matrices will emerge in the near future with even more intricate magnetic fillers for tailor-made applications in the wearables field as well as in bioelectronics and microdevice fabrication.
Multi-responsive polymer networks
Although "mono"-responsive polymer networks have been extensively reported, reports on "dual" or "multi"-responsive healable networks by a single system are currently expanding.
Rowan and co-workers took advantage of metal-ligand coordination to prepare diverse multi-responsive metallosupramolecular hydrogels. 159, 160 These materials offer the possibility of designing multi-responsive self-repairing hybrid systems, whose properties can be tuned by changing the combination of polymers and metal ions used. [161] [162] [163] For example, CNTs conjugated with terpyridine ligand-terminated PU and Zn 2+ ions were used to design metallo-supramolecular nanocomposites that could self-heal upon exposure to NIR light, heat or solvent, showing high healing efficiency (>93%) and relatively short healing times (ranging from 30 minutes to 3 hours depending on the method used). 164 Departing from previous works, Huang et al. reported quadruple stimuli-responsive self-healing polymer gels constructed by the complementary orthogonal reaction of heteroditopic monomers and addition of metal crosslinker PdCl 2 (PhCN) 2 , driven by metal-ligand interactions. 165, 166 Initially, a linear polymer was synthesized based on the host-guest interaction of a benzo-21-crown-7 (B21C7) unit and the dialkylammonium salt moiety of the monomer. The polymer gel was finally prepared by a coordination reaction between palladium(II) and the 1,2,3-triazole group in the backbone that acted as a ligand (Fig. 17) . The transparent gels exhibited a reversible gel-sol type of transition in response to multiple distinct stimuli ( pH-, thermo-, cation-and metallo-induced) with good mechanical properties, which G′ increased proportionally with the crosslinking density (from 10 Pa at 20% to 10 kPa at 100%). Particularly interesting, cation-and metallo-induced phase transitions could occur by adding K + to disassemble the network, due to its affinity to the B21C7 unit, or with PPh 3 , which competes with Pd. The refinement of this system led to the development of a gel with faster self-healing behaviour (around 3 minutes) after rupture. 166 These studies recently inspired other groups to employ crown ether-based recognition and metal-ligand coordination to assemble multiple-responsive self-repairing polymer gels. 167 Previously, we described examples of β-CD/azo complexes to fabricate healable supramolecular gels. Wu et al. presented a variation of this approach based on the host-guest interaction between a CD, PEG and POSS copolymer, and an azo disulfide dimer. 168 The hydrogels could respond reversibly to temperature, light and redox stimuli, and presented enhanced mechanical strength, due to the incorporation of POSS units, without an impact on their biocompatibility. Dual responsive hydrogels with pH-and redox-triggered actuation could be prepared by combining acylhydrazone and disulfide bonds in the same system, which undergo several reversible gel-sol transition cycles. 110, 169 These bonds had proved to be compatible when combined in a single system and are independently operational upon pH changes. 170 Hence, the opaque gels could heal themselves within 48 hours in both acidic and basic environments by selecting the appropriate repairing route: either they undergo disulfide exchange mediated self-healing under basic conditions or by acylhydrazone exchange in acidic and neutral conditions (the addition of aniline could accelerate the catalytic reaction and facilitate the healing process at neutral pH). It was demonstrated that the gelation time and the mechanical properties were dependent on the pH and the gelator concentration used (after 5 minutes, G′ around 4 kPa at pH 6; 10 wt%). The resulting materials presented acceptable healing efficiency after 48 hours, reaching >50% of the initial strength and elongation values at break. Following the aforementioned studies, 113, 152 Wei and co-workers synthesized pH-and temperature-responsive hydrogels by mixing a dibenzaldehyde end-functionalized poly(NIPAM-co-AA) copolymer with glycol chitosan at room temperature for approximately 20 minutes. 171 The material possessed a G′ max about 1000 Pa, and exhibited injectable and self-healing properties although its efficiency decreased after the second cycle. When heated above 37°C and/or under acidic conditions, the gels were able to release the molecular dye rhodamine B and the anticancer drug cisplatin in a controlled manner. Besides, the gels were nontoxic and could be used to encapsulate fibroblasts during 24 hours, although further studies need to be performed to fully elucidate their ability as cell carriers. Finally, a particularly interesting type of a dynamic covalent bond is the formation of reversible boronate ester bonds (in a pH dependent manner) between boronic acids and cis-diolcontaining moieties, as is found in polyols, catechols, carbohydrates or glycoproteins. Electrochemical and optical sensors, pH-responsive hydrogels, insulin delivery systems, cell culture and capture, among others, are typical applications of these materials. 172, 173 In the context of self-healing materials, several works have emerged recently in the form of multiresponsive gels/polymer blends with numerous potential biomedical uses. [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] These polymer networks are interesting in that they can undergo a gel-sol type of transition by pH fluctuations or the addition of cis-diol residues to trigger boronate ester de-complexation at the damaged site.
Conclusions and outlook
Self-healing polymer solids and gels are currently in a primitive phase and have not yet found many practical applications for various reasons that, as discussed in this article, researchers only very recently started to address. These are: (1) the incorporation of healable properties often compromise the overall mechanical properties (as shown in several examples developed by existing PU networks), (2) the chemistries employed are often (cyto-)toxic which prevent the use in the biomaterials field or in simpler applications that require the interaction with human skin or other organs (for example the furan synthons in DA networks fall in this category), (3) the repeatability of the healing capacity deteriorates with time, (4) healing times are very long, and (5) the chemistries involved: (i) do not survive/work in complex environments, i.e., in biological milieu or even in open air for prolonged times, which as a result can limit the potential applications of these materials as well as restrict their use as accessible building blocks with reasonable shelf life; and (ii) are not always compatible with other functional device components, for example, in the case of healable microelectronic devices/membranes, bottom-up fabrication approaches can be cumbersome. Several groups worldwide have dedicated some initial efforts to address these challenges, using double networks, nanocomposites, tough and stretchable gels, or by combining intricate manufacturing methodologies for cost-effective device fabrication.
It is still a challenge to develop intrinsically self-healing materials in a cost-effective way without changing their overall performance. Therefore, we anticipate that the constant refinement of the chemistries involved and the development of pragmatic solutions to the above-mentioned challenges may drive the field towards practical applications in the longer term. Conversely, in the near future it is more reasonable to expect that these materials will find applications as self-repairing materials of minimum damage (i.e. in the micro or milli-scale in the form of scratch/cut repairing) or in the form of transiently repairable materials for shorter-lived applications.
Conflicts of interest
There are no conflicts to declare.
